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Abstract

Introduction: Reducing the level of nicotine in cigarettes is a regulatory strategy that has the poten-
tial to greatly improve public health. If nicotine levels are reduced in all commercially available 
cigarettes, current smokers might find it easier to quit and young people might be less likely to 
become dependent. However, it is not yet known whether age moderates subjective or behavioral 
responses to low-nicotine cigarettes.
Methods: Recently, a large, multisite randomized clinical trial was conducted to compare the effects 
of cigarettes differing in nicotine content (either usual-brand or research cigarettes containing 15.8, 
5.2, 2.4, 1.3, or 0.4 mg nicotine/g tobacco) across 6 weeks of exposure. In this secondary analysis, 
we tested whether age moderated smokers’ subjective (measures of psychological reward, smok-
ing satisfaction) and behavioral (cigarettes smoked per day, smoking topography, and nicotine 
exposure) responses to cigarettes varying in nicotine content after 2 and 6 weeks of use, while 
controlling for baseline dependence and demographic factors.
Results: Results indicated that younger adults (age 18–24) who smoked cigarettes with 2.4–
0.4 mg/g nicotine reported significantly less smoking satisfaction and psychological reward, and 
smoked fewer cigarettes per day, than older adults (25+ years) after 2 weeks of use. No differences 
in topography were observed at either time point. After 6 weeks of use, differences had diminished 
on all measures.
Conclusions: The reduced positive effects of reduced-nicotine content cigarettes in young adults 
suggests that this regulatory policy may reduce smoking reinforcement in this vulnerable 
population.
Implications: As the FDA considers reducing the level of nicotine in cigarettes to make them less 
addictive, understanding the potential impact of this policy on young people is of crucial impor-
tance. We found that young adults had significantly lower positive subjective effects to very-low 
nicotine content (VLNC) cigarettes and smoked fewer VLNC cigarettes than older adults after 2 
weeks of use, indicating that this policy may reduce smoking reinforcement more quickly in young 
adults. These data add to the growing body of evidence on the potential for this policy to positively 
affect public health.
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Introduction

Despite recent reduction in smoking rates in the United States, the 
health effects of cigarette smoking continue to claim the lives of hun-
dreds of thousands of Americans each year.1 The Family Smoking 
Prevention and Tobacco Control Act2 gave the FDA regulatory 
authority to dramatically reduce (though not eliminate) the amount 
of nicotine in cigarettes sold in the United States, with the goal of 
promoting public health. The FDA recently announced its intention 
to pursue a reduced-nicotine standard for cigarettes.3 By reducing 
the level of nicotine, the primary addictive agent in cigarettes, to 
a minimally addictive level, this policy could render cigarettes less 
reinforcing, facilitate quitting, and improve smokers’ responses to 
cessation treatments and other public health approaches to reduc-
ing smoking.4–6 Thus, this strategy has the potential to help current 
smokers quit and to prevent experimenting smokers from becoming 
addicted to combustible cigarettes.

Reinforcement from smoking is comprised of both primary rein-
forcement from nicotine and conditioned reinforcement from the 
sensorimotor aspects of smoking (eg, taste, smell, etc.) that have 
been associated with nicotine delivery.7 Thus, although verylow nic-
otine content (VLNC) cigarettes are rated as less satisfying than nor-
mal nicotine content cigarettes, they can partially alleviate craving 
and withdrawal symptoms and function as effective reinforcers for 
smokers in the absence of alternatives.8–11 These conditioned rein-
forcing effects likely undergo extinction with repeated use of VLNC 
cigarettes, resulting in fewer cigarettes smoked per day, decreases in 
dependence, and increases in cessation attempts.10,12,13

As regulatory authorities determine whether to move forward 
with a nicotine reduction policy, one important group that must be 
considered is young people. Young adults (18–24  years old) have 
the highest prevalence of smoking of any age group in the United 
States (26.7% in 201514). This developmental period is crucial in 
the lifetime trajectory of smoking, as many lighter smokers in this 
period of life quit (51%15), but those who persist through this period 
are likely to smoke well into adulthood. During this developmen-
tal stage smoking behavior may be particularly malleable, so such 
a policy may have its greatest impact among younger smokers.16,17 
However, it is not yet known whether young adults may differ in 
their subjective and behavioral response to VLNC cigarettes relative 
to older adults.

Young adults (age 18–24) report smoking patterns that are quite 
different from older adults. Young adults smoke fewer cigarettes on 
average than older adults, and have shorter histories of smoking.16 
A reduction in the nicotine content of cigarettes may differentially 
impact this group, as the strength of the conditioned reinforcing 
effects of smoking-related sensory stimuli may depend on length 
and intensity of smoking history.18 In support of this idea, smoking 
cue reactivity studies among young adults have shown greater cue-
elicited craving among daily smokers relative to occasional smokers, 
and similar studies in adolescents have shown greater responses to 
smoking cues in adolescents with more smoking experience relative 
to their peers with less smoking experience.19,20 Because young adults 
have a shorter history of smoking than older adults, they may experi-
ence less conditioned reinforcement from the sensorimotor charac-
teristics of smoking and find VLNC cigarettes less satisfying, which 
may hasten the transition away from smoking.

Data for the current study were drawn from a recent, large, mul-
tisite randomized controlled trial designed to evaluate the effects of 
reducing the nicotine content of cigarettes on smoking behavior.12 The 
study examined the effects of 6-week exposure to research cigarettes 

of varying levels of nicotine, as well as usual-brand cigarettes, across 
groups, and collected data on the behavioral and subjective effects 
of these cigarettes. Overall, relative to those in the control groups, 
smokers assigned to lower nicotine content cigarettes smoked fewer 
cigarettes per day and had lower levels of dependence at the end of 
6 weeks. These results highlight the potential promise of this regu-
latory approach.

The aim of the current study was to determine the extent to 
which age would moderate relationships between nicotine content 
and smoking across six weeks of exposure in the Donny et  al.12 
study. We examined the extent to which age moderated the effects 
of nicotine content on subjective responses in the laboratory, which 
included measures of psychological reward, smoking satisfaction, 
and aversiveness of the cigarettes; as well as behavioral and bio-
chemical responses to smoking the cigarettes ad lib in the natu-
ral environment, which included total cigarettes smoked per day 
(including both compliant use of study cigarettes and noncompliant 
use of nonstudy cigarettes), and total nicotine equivalents (TNEs), a 
measure of total exposure to nicotine. We were interested in deter-
mining whether subjective effects of cigarettes differing in nicotine 
content would be moderated by age, and whether any differences 
in subjective effects would be reflected in a difference in behavioral 
and/or biochemical response.

As a secondary aim, we also examined smoking topography in 
the laboratory, to determine whether age moderated any potential 
effects of nicotine group on total puff volume, a measure of com-
pensatory smoking behaviors. Unlike ‘light’ cigarettes, the cigarettes 
used in this study contain less nicotine in the tobacco itself, and 
therefore complete ‘compensation’ for the lower amount of nicotine 
by altering puffing behavior is not achievable. The evidence to date 
indicates that very little compensatory smoking behavior occurs 
with these cigarettes.21 However, changes in nicotine content may 
lead to changes in cigarette subjective effects (eg, less “throat hit”) 
that could increase puffing behavior and therefore increase toxicant 
exposure. Given this important safety concern, we examined this 
outcome for evidence of a differential effect of age across nicotine 
groups.

Methods

The current study is a secondary analysis of data collected in a large, 
double-blind randomized controlled trial conducted at ten sites 
across the United States. Full methods and primary results are avail-
able in Donny et al.12

Participants
Participants in this study were 839 adults aged 18–65, recruited 
from the community and randomized to receive study cigarettes; 780 
participants were retained to completion in the study. To be included 
in the study, participants had to report smoking a minimum of 5 
cigarettes a day and have a confirmed expired breath carbon monox-
ide (CO) reading of 8 ppm or a urine cotinine level of at least 100 ng/
mL. Exclusion criteria included serious, unstable medical and/or psy-
chiatric conditions; pregnancy, breastfeeding or intention to become 
pregnant; evidence of current illicit drug use other than marijuana 
use on a urine toxicological screen; intention to quit smoking in the 
next 30 days; use of tobacco products other than cigarettes on more 
than 9 days in the past month and exclusive use of roll-your-own cig-
arettes. Of those screened and not excluded for alcohol or drug use, 
or for not being a smoker (ie, low CO value), 4.0% of young adults 
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(18–24) and 4.3% of adults over age 24 were ineligible due to using 
other tobacco products on more than 9 of the last 30 days (p > .99).

Baseline Phase
Following an initial eligibility screening in the laboratory, partici-
pants underwent a week-long baseline period, during which they 
smoked as usual. A  first baseline session (Baseline 1)  was then 
conducted in which participants filled out questionnaires (detailed 
below). Following this session, participants continued to smoke their 
usual brand for another week, during which an interactive voice 
response (IVR) system (InterVision Media) called the participants 
daily and a recording asked participants to enter the number of ciga-
rettes they had smoked the previous day. At the end of this week, a 
second baseline session (Baseline 2) was conducted, and during this 
session, participants filled out further questionnaires and reported 
on their craving, withdrawal and other symptoms. During this ses-
sion, they also smoked a cigarette of their usual brand and reported 
on their subjective responses to their usual-brand cigarette.

Experimental Phase
At the end of the second baseline session, participants were rand-
omized to one of seven groups for the duration of the study: a usual-
brand condition or one of six research cigarette conditions. Each 
participant was asked to smoke only the cigarettes provided to them 
by the study for the next 6 weeks. In the current analysis, we focus 
on the data from the laboratory sessions that occurred after 2 and 6 
weeks of research cigarette use, respectively. During these sessions, 
participants were asked to smoke one of their assigned study ciga-
rettes, during which puff topography measures were collected, and 
to report on their subjective responses to the cigarette after smoking. 
Throughout the 6-week experimental phase, participants continued 
to receive daily calls from the IVR system, which asked them to 
report on their previous days’ use of study and nonstudy cigarettes. 
The IVR system was also used to collect self-reported withdrawal 
symptoms and craving during the first week after randomization.

Research Cigarettes
All cigarettes were Spectrum brand research cigarettes, produced 
by 22nd Century Group and provided free of cost by the National 
Institute of Drug Abuse (NOT-DA-14-004). Research cigarettes 
had the following nicotine contents expressed as milligrams of 
nicotine per gram of tobacco: 15.8, 5.2, 2.4, 1.3, and 0.4 (all tar 
yields were 9 ± 1.5 mg). An additional exploratory group received 
research cigarettes with 0.4 mg/g of nicotine and 13 ± 2 mg tar; 
however, this group was excluded from the current analyses as they 
differed from controls in both tar and nicotine yield. Participants 
were assigned to either menthol or nonmenthol cigarettes accord-
ing to their usual-brand preference. Each week, participants were 
distributed a 14-day supply of cigarettes (average cigarettes per day 
reported at baseline times 14)  to allow for detection of increases 
in consumption or in case visits occurred more than 7 days apart, 
and completed questionnaires and behavioral and cognitive testing 
in the laboratory.

Measures
Cigarette Evaluation Scale (CES)
The CES22 is a 12-item questionnaire measuring aspects of cigarette 
subjective effects. Each question is measured on a Likert scale from 1 
to 7 (not at all to extremely). The CES is comprised of five subscales: 

Smoking Satisfaction (was smoking satisfying, did smoking taste 
good, did you enjoy smoking); Psychological Reward (did smok-
ing calm you down, did smoking make you feel more awake, feel 
less irritable, help you concentrate, reduce your hunger); Aversion 
(did smoking make you dizzy or nauseous), as well as the single-
item assessments of Enjoyment of Respiratory Tract Sensations (did 
you enjoy the sensations in your throat and chest); and Craving 
Reduction (did smoking immediately reduce your craving for smok-
ing). The CES was administered at Baseline 2 after participants 
smoked a single cigarette of their usual brand, and participants were 
instructed to respond about that cigarette. At Week 2 and Week 6, 
the CES was administered after participants smoked one of their 
assigned study cigarettes, and they were instructed to answer the 
questions about their study cigarette.

Cigarettes per Day
The number of study and total (study plus nonstudy) cigarettes was 
calculated from the IVR telephone reports.

Demographics
At baseline, participants were asked questions about their race, gen-
der, and age.

Fagerström Test for Nicotine Dependence (FTND)
At baseline, participants were administered the seven-item FTND.23

Total Nicotine Equivalents (TNEs)
At Weeks 2 and 6, participants provided first void urine samples 
which were later analyzed for total nicotine equivalents (nicotine 
exposure).24

Total Puff Volume
During the Baseline 2, Week 2 and Week 6 visits, participants were 
asked to smoke a cigarette through a handheld smoking topography 
capturing device (CReSS, Borgwaldt KC, Richmond VA). The pri-
mary measure was total puff volume, which is the sum of the volume 
of all puffs taken while smoking the cigarette. During Baseline 2, the 
cigarette smoked was their usual brand; during Week 2 and 6, the 
cigarette smoked was their assigned study cigarette. Thus, at Week 
2, when topography measures from the study cigarette were initially 
collected, participants had prior experience with the device.

Statistical Analysis
There were 716 subjects included in this analysis, which excludes the 
participants enrolled in the low-nicotine/high-tar group. Of these, 
664 participants completed all 6 weeks of the study. To maximize 
statistical power to detect interactions between age and nicotine 
content, data from the three very-low nicotine content conditions 
(2.4–0.4 mg/g nicotine), which had similar effects in Donny et al.,12 
were combined (VLNC condition) and compared to the 5.2 mg/g, 
15.8 mg/g (normal nicotine content; NNC), and usual-brand (UB) 
conditions. The NNC and UB control conditions were both included 
because the NNC condition helps control for the effects of brand 
switching generally—that is, participants in the VLNC cigarette 
conditions were not only exposed to cigarettes with lower levels 
of nicotine, but also to cigarettes with different carton and pack 
labels, flavor, sensory characteristics, etc. than their usual brand. 
Demographic characteristics (age, FTND) and other variables (CES 
subscales, CPD and TNEs) were summarized by standard descriptive 
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statistical methods and compared across age group category using 
t-tests.

Linear regression was used to analyze the interaction between 
age (dichotomized as 18–24 years old vs. 25+ years old) and ciga-
rette condition for each outcome variable. The outcome variables 
were comprised the following subscales: Smoking Satisfaction, 
Psychological Reward, Enjoyment of Respiratory Tract Sensations, 
Aversion, and Craving Reduction; as well as total (study plus 
nonstudy) CPD, total puff volume, and total nicotine equivalents 
(TNEs). All outcomes were analyzed at both Week 2 and Week 
6. TNE values were analyzed on the natural log scale due to their 
highly skewed distribution; no other outcome variables were trans-
formed.24 The linear regression model for each outcome variable at 
each time point included nicotine group, FTND score at baseline, 
race, gender, nicotine metabolite ratio (NMR) at baseline, the cor-
responding score for each outcome at baseline in order to increase 
precision, and interaction between age and nicotine group. FTND 
at baseline was included as a covariate because of significant dif-
ferences between younger and older adults along this dimension, 
and because we planned to examine differences between age groups 
beyond the effect of differences in dependence. NMR was included 
as a covariate as it is associated with smoking topography, as well 
as with VLNC response in young adults.25,26 As a complementary 
approach, all models were also analyzed with age entered as a con-
tinuous variable, as opposed to dichotomizing between younger and 
older adults; as the pattern of results were similar these analyses are 
not reported. Finally, given that compliance with the study cigarettes 
may be differentially affected by age, data were re-analyzed using 
only the subset of participants who self-reported compliance with 
the study cigarettes across all groups.

Moderation by age was indicated by a significant overall age 
by nicotine group interaction. The effect of age was summarized in 
tables and figures by the difference in least squares means between 
age groups within nicotine groups. All statistical analyses were 
implemented using Statistical Analysis System software version 9.3 

(SAS Institute Inc., Cary, NC). The cut-off significance level for all p 
values was α = 0.05.

Results

An overall description of the study sample is available in Donny 
et  al.12 Demographic characteristics and descriptive summaries of 
each covariate and outcome variable by age category at baseline are 
shown in Table 1. Overall, as is commonly reported, younger adults 
in this sample smoked significantly fewer cigarettes relative to older 
adults and had correspondingly lower TNEs at baseline, as well as 
lower FTND scores. Younger adults also differed from older adults 
on some CES variables at baseline, with younger adults reporting 
greater psychological reward, enjoyment of respiratory tract sensa-
tions, and craving reduction from their usual-brand cigarettes than 
older adults.

Week 2 Results
Results for outcomes collected at Week 2 are summarized in Table 2 
and presented in Figure  1. The results showed significant interac-
tions between age and nicotine condition on the CES Smoking 
Satisfaction, Psychological Rewards, and Enjoyment of Respiratory 
Sensations subscales, but no significant interactions on the Aversion 
or Craving Reduction subscales were found. Post hoc tests revealed 
that the younger and older adults differed in their responses to 
the 2.4–0.4  mg/g nicotine (VLNC) cigarettes on the Smoking 
Satisfaction, Psychological Reward and Enjoyment of Respiratory 
Tract Sensations subscales, such that younger adults had significantly 
lower scores on these scales than older adults in the 2.4–0.4 mg/g 
nicotine (VLNC) condition, whereas there was no difference or 
younger adults scored higher in the 15.8  mg/g (NNC) condition. 
Younger and older adults also differed in their responses to the 
NNC cigarettes on the Psychological Reward subscale, with younger 
adults having higher scores on this measure than older adults. In 
addition, post hoc tests revealed that the younger and older adults 
differed in their behavioral responses to the 2.4–0.4 mg/g nicotine 

Table 1. Baseline Characteristics by Age Group Category

Age Group

Characteristic 18–24 ≥25 p value

N 93 595
Gender (Number, % male) 54 (58%) 339 (57%) 0.84
Race—(Number, %) <0.01
  White 65 (70%) 278 (47%)
  Black 13 (14%) 260 (44%)
  Other 15 (16%) 57 (10%)
Pack years (Mean (SD)) 2.9 (2.1) 22.0 (16.6) <0.01
Cigarettes/day—no. (Study) 12.2 (5.6) 16.1 (7.8) <0.01
FTND (Mean (SD)) 4.1 (2.0) 5.3 (2.2) <0.01
Total puff volume at baseline (Mean (SD)) 672 (268) 748 (314) 0.04
Psychological Reward at baseline (Mean (SD)) 3.0 (1.3) 2.2 (1.5) <0.01
Smoking Satisfaction at baseline (Mean (SD)) 4.0 (1.3) 4.0 (1.3) 0.97
Enjoyment of Respiratory Tract Sensations at baseline (Mean (SD)) 3.3 (1.8) 2.7 (1.8) 0.01
Craving Reduction at baseline (Mean (SD)) 4.1 (1.4) 3.7 (1.9) 0.04
Aversion (Mean (SD)) 0.5 (0.8) 0.4 (0.7) 0.12
TNEs at baseline—geometric mean (range) 27.1 (0.6–812.4) 36.6 (0.1–992.3) <0.01
Nicotine Metabolite Ratio at Baseline (Mean (SD)) 0.2 (0.1) 0.3 (0.2) 0.06

P values represent t-tests of differences across group. Subjective response scores were in reference to participants’ usual-brand cigarettes at baseline. Bold text 
indicates significant p value. FTND = Fagerström Test for Nicotine Dependence.
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(VLNC) cigarettes and 5.2  mg/g nicotine cigarettes on total ciga-
rettes per day (study plus nonstudy), with the younger adults smok-
ing fewer CPD, although the interaction between nicotine group and 

age on CPD was not significant (Table 2). No moderation of nicotine 
group effect by age was evident for total nicotine equivalents or total 
puff volume.

Table 2. Mean and Standard Deviations for Differences at Week 2 Between Age Groups (Age 18–24 and Age ≥25) as a Function of 
Treatment Group

Outcome
Interaction test

p value

Usual brand 15.8 mg/g 5.2 mg/g 2.4–0.4 mg/g

Mean difference p value Mean difference p value Mean difference p value Mean difference p value

CES PR a <0.01 −0.05 (0.31) 0.87 0.67 (0.29) 0.02 −0.29 (0.32) 0.36 −0.57 (0.17) <0.01
CES SSa 0.03 0.29 (0.39) 0.46 0.29 (0.35) 0.42 −0.47 (0.40) 0.24 −0.70 (0.21) <0.01
CES ERTSa 0.01 0.31 (0.40) 0.44 0.69 (0.36) 0.06 −0.31 (0.41) 0.45 −0.64 (0.22) <0.01
CES CRa 0.25 0.24 (0.54) 0.44 0.57 (0.49) 0.25 −0.76 (0.56) 0.18 −0.28 (0.30) 0.34
CES AVa 0.99 0.06 (0.21) 0.76 0.12 (0.19) 0.52 0.18 (0.21) 0.41 0.12 (0.11) 0.30
Total CPDa 0.62 −3.11 (1.89) 0.10 −2.12 (1.69) 0.21 −5.22 (1.87) 0.01 −2.75 (1.01) 0.01
Total puff 

volumea

0.71 −128 (70) 0.07 −57 (64) 0.74 −81 (91) 0.37 −37 (39) 0.34

Log TNEsa 0.27 0.01 (0.30) 0.95 −0.32 (0.26) 0.22 0.01 (0.32) 0.97 0.27 (0.16) 0.09

Interaction Test p values represent the outcome of tests for overall significant interactions between age category and nicotine content and mean differences between 
age groups at Visit 2. Contrast p values represent the outcome of post hoc contrast test probing the interaction for significant differences by age group. Positive 
mean difference values indicate higher values in the younger adults compared to older adults.
aRegression model adjusted for age group (18–24, ≥25), nicotine content group, value of the given outcome at baseline, FTND at baseline, race (White, AA, other), 
NMR at baseline and gender.
Bold text indicates significant p value.

Figure 1. The figure presents the mean predicted values data from all outcome variables listed in Table 1. Asterisks represent a significant mean difference. Note 
that TNEs are presented as geometric means in their raw units, though these were log transformed prior to analysis.
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Week 6 Results
The results for outcomes collected at Week 6 are summarized in 
Table 3. The linear regression outcomes showed a significant inter-
action between age and nicotine condition on the Craving Reduction 
subscale, with post-hoc tests indicating that in the 5.2 mg/g nicotine 
condition, younger adults had lower craving reduction scores than 
the older adults. There were no significant differences between age 
groups on responses to the 2.4–0.4 mg/g nicotine (VLNC) cigarettes 
in terms of Psychological Reward, Smoking Satisfaction (Figure 1, 
top and middle right panels), Enjoyment of Respiratory Sensations 
or Aversion subscales. In the Usual Brand condition, there was a sig-
nificant effect of age on total cigarettes per day in post-hoc tests, 
such that younger people smoked significantly fewer cigarettes than 
older adults. There was no indication that age moderated the effect 
of nicotine content on total puff volume or total nicotine equivalents.

Effects of Compliance With Study Cigarettes on 
Outcomes
As younger age has been found to be associated with lower rates 
of biologically verified compliance in the VLNC group in this sam-
ple,27 we conducted further analyses based on self-reported rates of 
compliance. Though not significantly different across group, young 
adults in the VLNC group were less likely to self-report compliance 
with study cigarettes compared with older adults at Week 2 (29% 
of young adults versus 44% of older adults in the VLNC group); 
this difference was much smaller at Week 6 (51% of young adults in 
the VLNC group vs. 60% of older adults self-reporting compliance), 
which is consistent with the biological data and thus further justified 
this analysis. Among participants who self-reported compliance with 
the study cigarettes (N = 42 young adults, N = 326 older adults at 
Week 2, N = 55 young adults, N = 394 older adults at Week 6), the 
pattern of results remained generally the same: at Week 2, young 
adults showed significantly less psychological reward in the VLNC 
group relative to older adults, and showed decreased study cigarettes 
per day at Week 2; and smoking satisfaction trended in the same 
direction though it was only marginally significant. These differences 
were not evident at Week 6, though there was a significant differ-
ence in aversion at Week 6, with young adults in the VLNC groups 

reporting more aversion than older adults. Thus, it appears that the 
overall effect of decreased reward for VLNC cigarettes in young 
adults relative to older adults remains even when only investigating 
those individuals who self-reported compliance.

Discussion

The aim of the current study was to investigate whether age moderates 
the effects of nicotine dose on subjective and behavioral responses 
to cigarettes. We found that age moderated subjective responses to 
nicotine content of cigarettes, such that younger smokers had lower 
levels of smoking satisfaction, psychological reward, and enjoyment 
of respiratory sensations after two weeks of use in the VLNC group; 
whereas younger smokers had higher scores or there was no effect 
in the other conditions. Age did not moderate response to the aver-
sive effects of these cigarettes at either time point; endorsement of 
aversive effects were low overall. However, many of these interac-
tive effects had diminished by Week 6, with younger participants 
reporting similar levels of smoking satisfaction and psychological 
reward from cigarettes in the very-low nicotine groups as older par-
ticipants. This effect was largely due to older participants’ decrease 
in satisfaction and reward levels, indicating perhaps that the condi-
tioned reinforcing effects of these VLNC cigarettes may have begun 
to extinguish in older adults by this time point. However, younger 
adults in the moderate (5.2 mg/g) nicotine group continued to report 
lower psychological reward, craving reduction and satisfaction at 
week 6 relative to older adults.

In addition to subjective responses to these cigarettes, we also 
examined age effects on total cigarettes per day. Unlike the pattern 
of results for the Psychological Reward and Smoking Satisfaction, 
in which younger adults showed greater sensitivity to the effect of 
nicotine reduction on these measures than older adults, a slightly 
different pattern held for total CPD. Younger participants smoked 
fewer cigarettes per day than their older counterparts in all nico-
tine groups; however, this difference was relatively greater in the 
VLNC group relative to the control group at Week 2. This differ-
ence between age groups diminished somewhat by Week 6 due to a 
decrease in cigarettes per day among the older participants.

Table 3. Mean and Standard Deviations for Differences at Week 6 Between Age Groups (Age 18–24 and Age ≥25) as a Function of 
Treatment Group

Outcome
Interaction test

p value

Usual brand 15.8 mg/g 5.2 mg/g 2.4–0.4 mg/g

Mean difference p value Mean difference p value Mean difference p value Mean difference p value

CES PR a 0.32 −0.38 (0.36) 0.28 0.18 (0.32) 0.57 −0.70 (0.36) 0.05 −0.27 (0.19) 0.17
CES SSa 0.50 −0.15 (0.43) 0.72 −0.05 (0.39) 0.89 −0.89 (0.44) 0.04 −0.36 (0.23) 0.13
CES ERTSa 0.81 −0.09 (0.45) 0.85 0.01 (0.40) 0.99 −0.56 (0.46) 0.22 −0.25 (0.24) 0.31
CES CRa 0.03 0.73 (0.55) 0.19 −0.15 (0.50) 0.76 −1.55 (0.56) 0.01 −0.31 (0.30) 0.30
CES AVa 0.61 0.19 (0.28) 0.49 −0.21 (0.26) 0.41 0.11 (0.29) 0.71 −0.15 (0.15) 0.34
Total CPDa 0.54 −5.94 (2.50) 0.02 −3.62 (2.52) 0.09 −3.65 (2.47) 0.14 −2.01 (1.31) 0.13
Total puff 

volumea

0.64 −57 (74) 0.44 20.79 (68) 0.76 −123 (99) 0.22 −59 (44) 0.17

Log TNEsa 0.53 0.31 (0.32) 0.33 −0.16 (0.29) 0.58 0.10 (0.34) 0.77 0.31 (0.17) 0.08

Interaction test p values represent the outcome of tests for overall significant interactions between age category and nicotine content and mean differences between 
age groups at Visit 6. Contrast p values represent the outcome of post-hoc contrast test probing the interaction for significant differences by nicotine group. Positive 
mean differences values indicate higher values in the younger adults compared to older adults.
aRegression model adjusted for age group (18–24, ≥25), nicotine content group, value of the given outcome at baseline, FTND at baseline, race (White, AA, other), 
NMR at baseline, and gender.
Bold text indicates significant p value.
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We also investigated a biochemical measure of total nicotine 
exposure in order to evaluate whether age affected the actual amount 
of nicotine participants were exposed to. In this measure there was 
no evidence that age moderated the effect of nicotine condition at 
Week 6; TNEs were decreased across all participants in the VLNC 
group relative to control, and though younger adults had higher 
average TNEs than older adults this was not statistically significant. 
This comports with findings from the same parent study reported by 
Nardone et al.27 that age was associated with TNE levels in the con-
text of an analysis designed to better understand compliance rates 
with study cigarettes. The Nardone et al. study examined only the 
lowest nicotine groups, and looked at age as a predictor of TNE val-
ues that would suggest noncompliance; in contrast, the current study 
examined the effect of nicotine group on TNEs, and whether age 
moderated this effect across all nicotine groups. We also found that 
younger adults in the VLNC condition had higher TNEs than older 
adults (Table 3, positive mean difference); however, the moderation 
term was not significant, which indicates that this effect was not 
different across groups by age. Finally, there was no indication that 
age moderated the potential effect of cigarette group on total puff 
volume, our measure of compensatory smoking, at either time point. 
In short, VLNC cigarettes did not have a greater negative impact on 
compensatory smoking or total nicotine exposure in younger partici-
pants, and both younger and older participants experienced an over-
all decrease in cigarettes per day in the VLNC groups, with younger 
participants smoking fewer cigarettes overall at Week 6.

We further investigated the role of compliance with study ciga-
rettes across age in the current sample by conducting a subgroup 
analysis including only those individuals who self-reported compli-
ance, as the pattern of results were generally the same. We acknowl-
edge that self-reported rates of noncompliance are problematic, as 
other reports from this data set have indicated much higher rates of 
biologically verified noncompliance in the VLNC group than was 
self-reported;27 however, biological verification is only possible in the 
lowest nicotine groups, so in order to analyze all groups we relied on 
self-reported compliance. Overall, our data are consistent with that 
paper in that young adults are more likely to self-report noncompli-
ance than adults; and the idea that young adults were less likely to 
be compliant is consistent with the conclusion that they found these 
cigarettes less reinforcing and therefore were more likely to seek out 
alternative sources of nicotine.

There are several possible reasons why younger people were 
more sensitive to the effects of nicotine reduction on reductions in 
cigarette satisfaction and reward. Due to their shorter smoking his-
tories, the conditioned reinforcing effects of sensorimotor smoking 
stimuli may be less salient for younger adults, and thus less likely to 
sustain reinforcement when nicotine is reduced. Other interpreta-
tions are possible. The developmental period of adolescence, extend-
ing into young adulthood, is characterized by profound changes in 
brain function as neural pathways develop and are strengthened.28 
Nicotine in particular is known to have a differential effect on ado-
lescents relative to adults in terms of brain function29; and therefore, 
differences in the effects of nicotine on the brain across neurodevel-
opment may be driving observed differences between younger and 
older adults.30 Overall, more research remains to be done to deter-
mine the mechanisms underlying differences between young adults 
and older adults in terms of their response to nicotine, and how these 
differences may impact tobacco regulatory policy. For example, stud-
ies that investigate how smoking cue reactivity changes over time 
in people randomized to cigarettes varying in nicotine content, and 

how this relationship is affected by smoking history, would help to 
clarify whether the lower levels of smoking satisfaction with VLNC 
cigarettes in younger adults observed in this study are due to nicotine 
vs. nonnicotine factors.

The strengths of this study lie in the large sample size and 6-week 
exposure period; however, limitations exist. Young adults were not 
specifically recruited for this study, so there were relatively few adults 
in the 18–24 age range (N = 98 overall). These young adults were 
also subject to the same inclusion criteria as older adults: they had 
to self-report smoking at least five cigarettes daily. However, many 
young adults are nondaily or social smokers, and often report fewer 
than five cigarettes smoked per day.31 Thus, these young adults are 
not representative of all young adult smokers, but rather of young 
adult heavy smokers. Furthermore, recent data have suggested that 
compliance with VLNC cigarettes is often much lower than what 
is self-reported32 and continuing to smoke usual-brand cigarettes 
in addition to their study cigarettes would delay the extinction of 
the pairing between nicotine and smoking stimuli during the study. 
Indeed, as noted above, using data from the same parent study and 
examining only the VLNC group Nardone et al.27 found that younger 
participants were more likely to continue to smoke their usual-brand 
cigarettes while in the study. Thus, there exists a partial confound 
between age and noncompliance that remains to be explored when 
determining how age affects response to nicotine dose in cigarettes.

Overall, these data suggest that reducing the nicotine content of 
cigarettes to a minimally addictive level may have beneficial effects 
for both younger and older adults, as both younger and older partici-
pants in the VLNC groups experienced an overall decrease in positive 
subjective response, total CPD and TNEs relative to the NNC group. 
Furthermore, younger participants did not show a greater tendency to 
engage in compensatory smoking. This study provides further evidence 
that less-positive subjective response to lower levels of nicotine in ciga-
rettes emerged more quickly among younger adults. Lower positive 
reaction can signal less potential for abuse, so these data are encour-
aging in that respect.33 Reduced positive effects of VLNC cigarettes 
in the context of a nationwide regulatory policy could also increase 
demand for alternative sources of nicotine, either from alternative 
sources such as e-cigarettes and snus or, potentially, from black market 
sources of cigarettes.34,35 As smoking behavior during this time period 
may be more malleable, public health interventions such as a reduc-
tion in nicotine levels in cigarettes have the potential to greatly impact 
the future health of these smokers. Furthermore, while this study is 
restricted to those over 18, adolescent smokers will also be impacted 
by such a policy. As earlier age of initiation of smoking is highly cor-
related with greater dependence and heavier smoking later in life, it 
is crucial to understand whether a reduced-nicotine policy will help 
arrest the transition from experimental smoking to stable, daily smok-
ing in young people. As VLNC cigarettes will likely be less reinforcing 
for young people, such policy may aid in that goal; though more data 
specifically on adolescent populations are urgently needed. Continuing 
research on the potential effects of such a policy on vulnerable popula-
tions will help the FDA make decisions about the viability and safety of 
a nationwide policy on reducing nicotine in cigarettes.
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